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Abstract :  Lines 10 t o  1 2  should read  "gap a t  the  bottom than  at  
t h e  top; t h e  r a t i o  of t he  gap a t  the  bottom divided by t h e  gap a t  t h e  
t o p  w a s  var ied  from 1.0 t o  1.98." 

Page 2, paragraph 1: Lines 6 t o  9 should read "by holding t h e  
primary nozzle f ixed  and lowering the shroud; t h i s  r e s u l t e d  i n  a l a r g e r  
gap a t  t h e  bottom than at  the  top  between t h e  nozzle and t h e  shroud. 
The gap-height r a t i o  (gap he ight  at  bottom div ided  by gap he ight  at  t o p )  
w a s  va r i ed  from 1.0 t o  1.98." 

Page 13: Figure 5 should be replaced by  t h e  following f igure:  

NASA - Langley Field, Vn. 
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TECHNICAL MEMORANDUM X-97 

EFFECTS OF NOZZLE-SHROUD MISALINEMENT ON PERFORMANCE 

OF A FIXED-SHROUD DIVERGENT EJECTOR* 

By Andrew J. Stofan 

SUMMARY 

An investigation was conducted on a fixed-shroud divergent ejector, 
applicable to a Mach 2 aircraft, with a two-position primary nozzle to 
ascertain whether or not transverse misalinement of the primary nozzle 
with respect to the shroud would introduce unwanted side forces of appre- 
ciable magnitude. The two-position primary nozzle simulated a nonafter- 
burning and an afterburning operating condition. In the course of the 
investigation, the effects of misalinement on ejector performance were 
also evaluated. 

In general, the vertical forces caused by the misalinement were neg- 
ligible when the ejector was operated at, or near, design conditions. 
However, when the ejector was operated at off-design conditions corre- 
sponding to those that would be encountered when the aircraft would be 
accelerating with afterburning through the high-subsonic Mach number re- 
gion, the vertical force became as high as 4.7 percent of the axial 
thrust. Misalinement had little or no effect on either the axial-thrust 
performance or the pumping characteristics of the ejector. 

INTRODUCTION 

Mach 2 turbojet aircraft equipped with afterburner sometimes employ 
fixed-shroud divergent ejectors because of the simplification and weight 
saving that are afforded; however, these attributes must offset the l o s s  
in thrust performance at off-design conditions (ref. 1). In some instal- 
lations, the primary nozzle and the shroud are independently mounted, 
the nozzle to the engine and the shroud to the airframe. In such cases, 
it is possible that during flight sufficient transverse misalinement can 
occur between nozzle and shroud, as a result of thermal and pressure 
forces: to produce unwanted side forces. 
evidenced during a recent small-scale ejector performance investigation 

The possibility of this was 

'Title, Unclassified. 
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and a l s o  i n  f l i g h t  t e s t s  of a prototype,  high Mach number a i rp l ane  
equipped with a fixed-shroud e j e c t o r .  
s l i g h t  misalinement of the  primary nozzle and shroud caused an unsymmet- 
r i c a l  pressure d i s t r i b u t i o n  i n  the  shroud t h a t  r e s u l t e d  i n  an unwanted 
side force.  
u ted  t o  misalinement w a s  encountered. I n  order t o  b e t t e r  evaluate  t h e  
magnitude of t h i s  e f f e c t ,  a small-scale  inves t iga t ion  w a s  conducted i n  
which the  e f f ec t s  of t ransverse  misalinement on a x i a l  t h r u s t  and side 
fo rces  were sys temat ica l ly  determined. 

I n  the  e j e c t o r  inves t iga t ion ,  

I n  the  prototype a i rp l ane ,  a p i t ch ing  force  t h a t  was at tz ib-  

The present inves t iga t ion ,  which included a fixed-shroud e j e c t o r  
with s imulated nonafterburning and af te rburn ing  primary nozzles,  w a s  con- 
ducted i n  a co ld-a i r  t e s t  f a c i l i t y  t h a t  w a s  operated over a range of noz- 
z l e  pressure r a t i o s  from 2 t o  16.  The secondary- t o  primary-flow r a t i o  
w a s  varied from 0 t o  0.08. The t ransverse  misalinement was  accomplished 
by holding t h e  shroud f ixed  and lowering t h e  primary nozzle;  t h i s  re- 
s u l t e d  i n  a l a r g e r  gap a t  t h e  top  than a t  the  bottom between the  nozzle 
and shroud. 
height  at bottom) w a s  var ied  from 1.0 t o  1.98. 

The gap-height r a t i o  (gap height  a t  top  divided by gap 

APPARATUS AND INSTRUMENTATION 

The fixed-shroud divergent  e j e c t o r  with simulated nonafterburning 
and af terburning primary nozzles,  i l l u s t r a t e d  i n  f igu re  1, w a s  modeled 
a f t e r  tha t  of a prototype Mach 2 . 2  a i r c r a f t .  
af terburning configurat ions had geometric expansion r a t i o s  of 3.38 and 
1.96,  respec t ive ly  . 

The nonafterburning and 

The i n s t a l l a t i o n  of t he  e j e c t o r  configurat ions i n  the  t e s t i n g  f a c i l -  
i t y  is shown i n  f igu res  2 and 3 .  The e j e c t o r s  were fas tened  t o  the  mount- 
ing  pipe, which w a s  i n  t u r n  a t tached  t o  a bedplate  f r e e l y  suspended from 
four  f lexure rods,  and t h i s  e n t i r e  assembly w a s  i n s t a l l e d  i n  a plenum 
chamber. High-pressure a i r  w a s  suppl ied t o  the  nozzle by  the  labora tory  
air-supply system, and the  plenum chamber w a s  exhausted t o  the  labora tory  
exhaust system. Pressure d i f fe rence  across  the  nozzle w a s  made poss ib l e  
by  labyr in th  s e a l s  i n s t a l l e d  around the mounting pipe.  
between the  two l abyr in th  s e a l s  and t h e  plenum chamber decreased t h e  pres-  
sure  d i f f e r e n t i a l  across  t h e  second l abyr in th  s e a l  and prevented dynamic 
pressures from a c t i n g  on the  outs ide  of t he  d i f f u s e r  s ec t ion .  Forces 
a c t i n g  on the  nozzle and mounting pipe,  both e x t e r n a l  and i n t e r n a l ,  were 
t ransmit ted fromathe bedplate  through a flexure-supported b e l l  crank and 
l inkage t o  a balanced, air-pressure-diaphragm, force-measuring c e l l .  
This e n t i r e  system,’ which includes i n l e t  pipe,  l aby r in th  seals, secondary- 
hose connection, air-measuring s t a t i o n ,  and thrust-measuring c e l l ,  w a s  
ca l ibra ted  before  the  e j e c t o r s  were i n s t a l l e d .  
planation of t he  t e s t i n g  f a c i l i t y ,  s ee  reference 2 .  

Two vent l i n e s  

For a more d e t a i l e d  ex- 



INSTRUMENTATION 

Configuration 

Pressures and temperatures were measured at various stations as 
shown in the following table and in figure 2. 

Gap-height Secondary-flow ratio 
ratio 

3 

Stat ion 

0 - Exhaust 
1 - Mounting-pipe inlet 
2 - Airflow 
3 - Primary-nozzle inlet 
4 - Secondary-air passage 
Secondary-air orifice 

~ 

Temperature 
the rmo c oup 1 e s 

- 
2 

2 

2 

- 

- 

tubes 

12 
8 
12 

Pressures obtained from total-pressure rakes and wall static taps at sta- 
tions 1 and 2 were used in the computation of inlet momentum and airflow, 
respectively. Total-pressure and total-temperature rakes were installed 
at station 3 to determine nozzle-inlet conditions and at station 4 to 
measure secondary total pressure. Station 0 was used to measure plenum- 
chamber static pressure and temperature. The secondary flow was measured 
by a flat-plate orifice, two static-pressure taps, and two thermocouples 
located. in the secondary-air line. 

Static-pressure taps set on equal areas on the top and bottom of the 
ejector shroud were used to determine the forces in the vertical plane. 
The location of these taps is shown in figure 4. 

PROCEDURE 

The testing procedure was the same for both the nonafterburning and 
afterburning configurations. For each combination of gap-height ratio 
(see fig. 5 for explanation of gap-height ratio) and secondary-weight- 
flow ratio ws/wp 
ratio Pp/po was varied over a range of approximately 2 to 16. The 
ranges of gap-height ratios investigated were selected on the basis of 
some unpublished full-scale information which indicated that gap-height 
ratios of as much as 1.16 for the nonafterburning configuration and 1.40 
for the afterburning configuration are possible. 

indicated in the following table, the nozzle pressure 
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The symbols used and the calculation of the forces in the vertical 
plane (by a pressure-area integration) are shown in appendixes A and B, 
respectively. 
all the forces, both external and internal, that were acting on the 
nozzle - mounting-pipe system. The ideal thrust was calculated from the 
measured primary and secondary mass flows, with isentropic expansion as- 
sumed from the respective measured total pressure to ambient. 
ratio is the measured axial thrust divided by the ideal thrust. 

Y 
The measured axial thrust was determined by summing up 

The thrust 

RESULTS AND DISCUSSION 

The axial thrust and the pumping performance for the nonafterburning 
and the afterburning configurations are shown in figures 6 to 9. These 
figures clearly show that the ranges of gap-height ratio covered had no 
effect on either the thrust ratio or the pumping characteristics of the 
ejectors. The dash lines in figure 6 indicate hysteresis effects, and, 
as can be seen, these effects are unchanged by the variation in gap- 
height rat io. 

The effects of gap-height ratio on the vertical-force ratio (verti- 

The data 
cal force over axial nozzle thrust) for the nonafterburning configuration 
at secondary-flow ratios of 0 and 0.02 are shown in figure 10. 

ratio of 1.16 indicate that for the nonafterburning configuration the ef- 
fect is negligible (less than 0.01). 
0.005 was measured at a gap-height ratio of 1.0 for both the nonafterburn- 
ing and afterburning configurations. 
known, the effect is so small as to be considered negligible. 

b 

in the figures plus one data point at a ws/wp of 0.08 and a gap-height + b  

A vertical-force ratio of about 

Although reasons for this are un- 

The effects of gap-height ratio on the vertical-force ratio for the 
afterburning configuration at secondary-flow ratios of 0, 0.015, and 
0.07 are shown in figure 11. 
except f o r  low nozzle pressure ratios (Pp/po = 3) when operating at 0 
and 0.07 secondary-flow ratios. The vertical-force ratios for ws/wp 
of 0 and 0.07 were 0.018 and -0.048, respectively. The zero weight-flow- 
ratio condition is not of practical importance because airplanes do not 
normally operate at this condition (especially with afterburning). When 
the aircraft would be accelerating through the high-subsonic Mach number 
region, however, a Pp/po of 3 and a ws/wp of 0.07 (or secondary-flow 
ratios in this region) would frequently be encountered. 

The effects are negligible (less than 0.01) 

The pressure profiles in the ejector shroud f o r  the afterburning con- 
figuration at a nozzle pressure ratio of 3 and a gap-height ratio of 1.98 
are shown in figure 12. As would be expected, these profiles indicate 
that, f o r  the secondary-flow ratios examined, the flow is overexpanded. 
For a ws/wp of 0 and 0.015, the overexpansion is essentially symmetrical . 
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' lf ' .  
with pressure ,  only s l i g h t l y  d i f f e ren t  on t h e  t o p  of t h e  shroud than  on 

have detached from the  bottom of t h e  shroud but  no t  from the  top;  t h i s  
r e s u l t s  i n  a r e l a t i v e l y  uniform pressure along t h e  bottom t h a t  is con- 
s ide rab ly  higher  than t h e  pressure along the  top.  The r e s u l t  w a s  t h a t  
t he  l a r g e s t  ve r t i ca l - fo rce  r a t i o  w a s  obtained a t  these  condi t ions.  

+Le uLIL L n + + n m  u v , , u ~ , , I .  Fer 2 7.q 17.7 nf Q . Q ~ ,  hoT.?ei?er, the n r i m a m r  nw z-ppars i-- s/  ""p .rA -.I-- J - --.. 

SUMMARY OF FBSULTS 

The r e s u l t s  of an inves t iga t ion  conducted on a smal l - sca le  f ixed-  
shroud divergent  e j e c t o r  with a two-position primary nozzle ( s imula t ing  
a nonafterburning and an a f te rburn ing  conf igura t ion)  t o  determine whether 
o r  not t r ansve r se  misalinement of t h e  primary nozzle with respec t  t o  t h e  
shroud would introduce unwanted s i d e  forces  ind ica ted  t h a t :  

1. The only condi t ion where t h e  ve r t i ca l - fo rce  r a t i o  became appreci-  
ab le  w a s  wi th  t h e  af terburning configuration a t  a nozzle pressure r a t i o  
of 3, a secondary-flow r a t i o  of 0.07, and a gap-height r a t i o  of 1.98. 
This would correspond t o  the  off-design condi t ion of acce le ra t ion  with 
a f te rburn ing  through the  high-subsonic Mach number region.  

2 .  The v a r i a t i c n  of g a p h e i g h t  r a t i o  had ne e f f e c t s  cn t h e  axial- 
t h r u s t  r a t i o  or on the  pumping performance of t h e  e j e c t o r s .  

Lewis Research Center 
Nat ional  Aeronautics and Space Administration 

Cleveland, Ohio, J u l y  22, 1959 
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APPENDIX A 

SYMBOLS 

The following symbols a r e  used i n  t h i s  r epor t :  

area,  sq f t  

ac tua l  t h r u s t  

idea l  t h r u s t  

a x i a l  l ength  measured along e j e c t o r  shroud 

t o t a l  p ressure ,  lb / sq  f t  

s t a t i c  pressure ,  Ib/sq f t  

radius of e j e c t o r  

a i r f low,  lb/sec 

Subscr ipts  : 

e e j e c t o r  e x i t  

m a x  maximum 

o exhaust 

p primary 

s secondary 

v ver t i , ca l  

1 mounting-pipe-inlet s t a t i o n  

2 a i r f low measuring s t a t i o n  

3 primary-nozzle- i n l e t  s t a t i o n  

4 secondary-air-passage s t a t i o n  

n3 
cn 

W 

' i  
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APPENDIX B 

VERTICAL-FORCE COMPUTATION 

The e j e c t o r  shroud w a s  d ivided into s i x  ax ia l  segments, and t h e  
f o r c e  i n  the  v e r t i c a l  d i r e c t i o n  f o r  each segment w a s  found. Then, a l l  
t he  segment fo rces  w e r e  summed up t o  give a n e t  v e r t i c a l  f o r c e .  

I 

L i n e a r  p r e s s u r e  

j e c t o r  shroud 

I n  c re men t of are a 

S i d e  view End view 

The p1 and p2 values were measured b y  s t a t i c - p r e s s u r e  t a p s .  A s  
seen i n  f i g u r e  4, t h e r e  were a l s o  some s t a t i c - p r e s s u r e  t a p s  on the  shroud, 
spaced halfway between t h e  top  and bottom rows, which ind ica ted  pressures  
halfway between p1 and p2. A l i n e a r  v a r i a t i o n  of pressure  d i f f e rence  
(Ap = (pl - p 2 ) )  with angle  0 w a s  therefore  assumed (pl measured a t  
+e, p2 a t  - 0 ) .  The maximum pressure d i f f e rence  Apmax thus  occurred 
a t  90'. 

The f o r c e  F a c t i n g  on an increment of area dA i s  
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The v e r t i c a l  component of t h i s  fo rce  is 

Fv = s a p  W s i n  e 

Since dA = r d0 I ,  r ,  r ad ius  of shroud Dr de 2 ,  a x i a l  l ength  along 
e j e c t o r  shroud 

c 

'I 

TO ge t  the  n e t  v e r t i c a l  f o r c e  (from 0 -+ ~ l ) ,  mul t ip ly  by 2 :  

The e f f e c t  of shroud divergence i s :  

Ejec tor  shroud F' = n e t  fo rce  a c t i n g  i n  v e r t i c a l  plane on 
one segment of a r e a  

Fv = 1.27322 rl Apmax 

F' = F COS 10' = (1.27322 r 2  A h a x )  COS 10' 

F' = 1.2538 rl Apmax 

The t o t a l  v e r t i c a l  fo rce  a c t i n g  on t h e  shroud is  t h e  summation of a l l  t h e  
fo rces  a c t i n g  on each segment: 

. 
' C  

F t o t a l  =p 
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R = 7.0 

( a )  Nonafterburning. 

Ll = 9.30 

( b )  Afterburning. 

Rat ios  

Ds/Dp, 1 . 5 2  
De/Dp, 1 .84  

l /Dp,  1.00 

Ds/Dp, 1 .16  

De/Dp, 1 .40 

2/Dp, 0 .97  

c 

Figure 1. - Ejec to r  nozz le s  before  misalinement. (All dimensions i n  inches. ) 
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4 .  

W 
N 

w 7 

pressure 
taps 

13.43 

I 
Ejector s h r o u d 1  i 

Side view End view, looking upstream 

Fi&ure 4. - Shroud instrumentation. (All dimensions in inches.) 

/ E j e c t o r  shroud 

Maximum gap 
,,-Primary-nozzle centered 

misalined 

/ 

- -  t-- - _- 
' /  

End view Side view 

Figure 5. - Nozzle misalinement, gap-height ratio (max. gap/min. gap). 
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(b)  Weight-flow r a t i o ,  0.015. 

1.0 

.9 
2 4 6 8 10 12 1 4  16 

Nozzle p r e s s u r e  r a t i o ,  Pp/po 

( c )  Weight-flow r a t i o ,  0 08. 

Figure G .  - E f f e c t  of gap-he ight  r a t i o  on t h r u s t  r a t i o  f o r  n o n a f t e r b u r n i n g  c o n f i g u r a t i o n .  
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1.0 

. 9  

0 1.98 

.8 

d (a) Weight-flow ra t io ,  0. 

. t 

(b) jleight-flow ra t io ,  0.015. 

1.0 

2 3 6 8 I C  l? L 

Mozzle pressure r a t i o ,  oP/po 

( c )  Weight-flow ratio, 0 .07 .  

.9 

Figure 8. - Effect of gap-height r a t i o  on th rus t  ratio for afterburnini; configuration. 
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Gap-height ratio 

(b) Weight-flow ratio, 0.02. 

Figure 10. - Effect of gap-height ratio on vertical-force 
, ratio f o r  nonafterburning configuration. 
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(a)  Weight-flow r a t i o ,  0. 
5 
aJ 

rl 
d 
V 

. 
0 
rl ( b )  Weight-flow r a t i o ,  0.015. 

( c )  Weight-flow r a t i o ,  0.07. 

F igure  11. - E f f e c t  of gap-height r a t i o  on v e r t i c a l - f o r c e  r a t i o  f o r  
a f t e r b u r n i n g  c o n f i g u r a t i o n .  
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(a )  Weight-flow r a t i o ,  0. 

(b )  Weight-flow r a t i o ,  0.015. 

Distance downstream of shroud throa t ,  in. 

( c )  Weight-flow r a t i o ,  0.07. 

Figure 12. - Effect of secondary-flow r a t i o  on pressure d i s t r ibu t ion  i n  shroud f o r  
afterburning configuration at  a gap-height r a t i o  of 1.98. 
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